In an exploratory investigation, quantitative unclustered laser Rayleigh scattering measurements of density were performed in the air in the NASA Langley Research Center's 31 in. Mach 10 wind tunnel. A review of 20 previous years of data in supersonic and Mach 6 hypersonic flows is presented where clustered signals typically overwhelmed molecular signals. A review of nucleation theory and accompanying nucleation calculations are also provided to interpret the current observed lack of clustering. Data were acquired at a fixed stagnation temperature near 990 K at five stagnation pressures spanning 2.41 to 10.0 MPa (350 to 1454 psi) using a pulsed argon fluoride excimer laser and double-intensified charge-coupled device camera. Data averaged over 371 images and 210 pixels along a 36.7 mm line measured freestream densities that agree with computed isentropic-expansion densities to less than 2% and less than 6% at the highest and lowest densities, respectively. Cluster-free Mach 10 results are compared with previous clustered Mach 6 and condensation-free Mach 14 results. Evidence is presented indicating vibrationally excited oxygen and nitrogen molecules are absorbed as the clusters form, release their excess energy, and inhibit or possibly reverse the clustering process. Implications for delaying clustering and condensation onset in hypersonic and hypervelocity facilities are discussed.
I. Introduction L ASER Rayleigh scattering (LRS) has become an important research tool to study a variety of processes including fluid dynamics, combustion, and atmospheric science [1] . LRS elastically scatters photons in the laser beam off gas molecules in the flow. Scattered light occurs at the same wavelength as the laser. Scattered light is proportional to the sum of all species in the gas weighted by their respective Rayleigh cross sections. By calibrating under known species conditions, density is measured.
LRS has inherent advantages as an offbody molecular diagnostic in high-speed flows. Since no seeding is required, problems associated with particles or molecular seeds such as uniform seeding, particle lag, corrosion of facility, and toxicity are avoided. Unlike physical probes, LRS is nonintrusive. This is particularly important in the study of supersonic and hypersonic flows. Flowfield imaging with high spatial resolution is possible using a two-dimensional (2-D) detector. Line or planar measurements allow particles to be identified and rejected. LRS can quantify the freestream, postshock, and possibly the wake flow for computational fluid dynamics (CFD) code validation. It can also be used for facility calibration, flow quality measurements, quantitative line and planar density measurements in the flowfield around flight research vehicles, and visualization of structures enhanced by clustering or condensation.
The next section will briefly present the historical development of LRS. This will be followed in Sec. III by a discussion of the considerable development effort at the NASA Langley Research Center (LARC) in applying LRS for not only flow visualization but also line and planar measurements of density in subsonic, supersonic, hypersonic, and hypervelocity full-scale ground-test wind tunnels, where the test gas is typically air. These discussions provide the foundation for the subsequent experimental and theoretical analysis, results, and conclusions.
II. Historical Laser Rayleigh Scattering Studies
Many groups, including researchers at the LARC, have investigated the use of LRS for fluid dynamic studies. Early studies obtained 2-D and three-dimensional (3-D) images of molecular density in a turbulent subsonic propane jet using a continuous argonion laser [2] or a 15 ns single pulse from an Nd:YAG laser in Freon to enhance signal levels [3, 4] . Later subsonic studies over model wing surfaces increased signal levels using ultraviolet excimer lasers [5] . Two-dimensional images were acquired in air in supersonic flows [6] , at Mach 1.5 [7] , at Mach 2.5 [8] , and in hypersonic flow at Mach 6 [9] [10] [11] . Most attempts at density measurements were frustrated in supersonic and hypersonic flows by clusters or condensation that overwhelmed molecular LRS signals. Clustering is a precursor to either condensation/liquefaction for air or solidification for nitrogen or expansion into a supersaturated/supercooled state. Studies have used CO 2 clustering and condensation to aid 0.5 MHz imaging of shock-wave/boundary-layer interactions in a Mach 2.5 wind tunnel [12] .
At cooling rates of 10 6 K=s encountered in hypersonic nozzles, molecules of air attain cryogenic temperatures and agglomerate, forming clusters that can grow in size along the nozzle and test section. Eventually, the LRS signal from these clusters exceeds the LRS signal from air molecules, preventing quantitative density measurements [9] . Condensation was encountered when supersonic and hypersonic tunnels were first constructed in the 1940s [13, 14] ; using dryers eliminated water condensation shocks. Air liquefaction and nitrogen solidification issues were resolved by constructing heaters around the stagnation chamber to maintain expanded flow at sufficiently high temperatures. At Mach numbers above 10, testing required inaccessible or impractical stagnation temperatures. This problem was overcome when a region of supersaturation was discovered where single-phase flow could still be maintained [15, 16] . Pure nitrogen is often chosen as the test gas since it has the highest vapor pressure of any air constituent. However, foreign particles such as oxide dust from the heaters or silica gel from the dryers [13, 14] can act as condensation nuclei, resulting in condensation before supersaturation is reached. This problem is reduced using particle filters. Because of financial constraints, most LARC facilities use air as the test gas. Unfortunately, constituents such as trace amounts of water and naturally occurring carbon dioxide with lower vapor pressures can condense at higher temperatures than nitrogen or oxygen and act as heterogeneous condensation nuclei [13, 16, 17] for all air constituents. Although modern hypersonic wind tunnels employ all condensation prevention methods, clustering has been observed in all Mach 6 facilities at LARC [9] [10] [11] .
III. Laser Rayleigh Scattering Studies at NASA Langley Research Center
LRS has been attempted in a wide variety of LARC facilities because of its potential advantages for density measurements. Successful quantitative density measurements were made using LRS along a line in the 0.3 m Transonic Cryogenic Tunnel with a nearbackward scattering geometry using a continuous-wave Nd:YAG at 532 nm laser [18] . This is a subsonic-transonic facility that uses high pressures combined with cryogenic nitrogen as a test gas to achieve high Reynolds numbers. Freestream densities and temperatures ranged from 3 10 19 to 24 10 19 molecules=cm 3 and from 100-300 K, respectively. Attempts to acquire quantitative planar LRS density in a supersonic boundary layer using a pulsed 10 ns Nd:YAG laser at 532 nm were unsuccessful at Mach 2.5 in test section 2 in the Unitary Plan Wind Tunnel [19] . LRS signal levels were 500 times greater than calculated freestream values and were attributed to oil clusters.
Point LRS using a continuous-wave argon-ion laser at 514.5 nm has been successful in the hypervelocity 22 in. Mach 20 helium facility. Helium is considered a noncondensible gas [20] . Timeaveraged freestream density measurements from 1.7-4.5 K showed good agreement with computed freestream values. Since helium can expand to temperatures as low as 1.7 K without liquefying at the corresponding freestream low pressures, it does not require heating of the stagnation chamber for Mach numbers less than 28 [21] .
A combined 10 ns 532 nm Nd:YAG-laser-based Rayleigh and Raman instrument was used to study flow in the 20 in. Mach 6 facility (20M6) along a line [9] . This facility was operated at stagnation pressures from 0.41 to 3.27 MPa (60-475 psia) and stagnation temperatures from 483-519 K (410-475 F). The instrument provided simultaneous measurements of Rayleigh signal levels both in the freestream and in a model flowfield. It also provided measurements of rotational Raman scattering of molecular nitrogen in the freestream to measure rotational temperature and vibrational Raman scattering of molecular nitrogen or oxygen to measure freestream density. Rayleigh results indicated the presence of freestream clusters generated as a result of cooling, which takes place in the expansion process over essentially the entire facility-operating envelope. Cluster density was estimated at 2 10 6 molecules=cm 3 . Since light scattering scales as cluster radius to the sixth power [22] , a single cluster of 15 nm effective radius can produce Rayleigh signals on a single charge-coupled device (CCD) pixel that are approximately one order of magnitude greater than those produced by the total gas molecular number density (2 10 18 molecules=cm 3 ) having 0.1 nm radius. Assuming homogeneous nucleation, oxygen was considered as a possible cause of clustering. Raman temperature and density results showed clusters have no measurable effect on bulk flow properties. Clusters decreased with increasing stagnation temperature and decreasing stagnation pressure.
An argon-fluoride (ArF) excimer laser at 193 nm was used for LRS in the Mach 6 high-Reynolds-number (HRN M6) facility [10] . This laser has advantages that increase signal levels and allow extension of measurements from a line to a plane. First, the Rayleigh scattering cross section in air at 193 nm is 80 times stronger than that at 532 nm, resulting from an ! 4 frequency scaling combined with resonance enhancement from nearby electronic transitions [23, 24] . Second, scattering from optical surfaces such as stainless steel is typically less than 30% at ultraviolet wavelengths, compared with greater than 60% for visible wavelengths [25] . Scattering from large particles is also reduced [5] . Hence, signal to noise is increased because background scatter is reduced, and Rayleigh scattering can be used near surfaces.
Under typical facility-operating conditions [P t 6:9 MPa, T t 520 K (1000 psia, 475
F)], the freestream density in the HRN M6 facility [10] is 5 10 18 molecules=cm 3 . The detection limit obtained showed that planar, quantitative density measurements could be made over a 5 10 cm area in this rarefied flowfield in the absence of clusters using 60 mJ of laser energy. For the experimental goals in the HRN M6 facility, stagnation conditions were set at P t 4:12 MPa and T t 520 K (P t 600 psi and T t 476 F). Clusters were observed in all freestream images at both stagnation conditions. Finally, qualitative agreement was observed between the averaged Rayleigh results and reduced mean-mass density obtained from probe measurements. This suggested that clusters were tracking the local density. Results showed that, by careful application of this technique, useful measurements of relative density (or density ratio) could be obtained in the presence of clusters.
In an attempt to generate a cluster-free freestream by increasing stagnation temperature, LRS was performed in the 15 in. Mach 6 (15M6) high-temperature tunnel in air using an ArF excimer laser [11] . This facility produces the maximum stagnation enthalpy currently known for any large-scale Mach 6 wind tunnel. It can achieve stagnation temperatures as high as 700 K (800 F) over a range of stagnation pressures from 0.35 to 2.07 MPa (50-300 psia). The freestream was cluster free at stagnation pressures from 0.35 to 1.75 MPa and clustered above this range. Density measurements were also obtained in the bow shock and wake of a 38.1-mm-diam cylindrical model. All measured densities were in good agreement with CFD predictions.
Since nucleation theory discussed in Sec. VII predicts clustering will increase exponentially with decreasing freestream temperature, there have been no attempts since 1995 to apply LRS for cluster-free density measurements in air at or above Mach 6. This paper presents measured freestream density results from a recent exploratory opportunity that expands the LRS wind-tunnel application database to a large-scale Mach 10 air wind tunnel. Surprisingly, cluster-free Rayleigh scattering was discovered over the full range of stagnation pressures at a stagnation temperature of 990 K (1325 F).
IV. Experimental Methods
LRS was performed in the LARC 31 in. Mach 10 (31M10) air tunnel. While most Mach 10 facilities are combustion heated, the 31M10 facility is a unique large-scale 12.5 MW electrically heated blowdown-mode facility [21] . The test gas is air that is dried using an activated alumina dryer, providing a dew point temperature of 232 K ( 41 F) at a pressure of 4.14 MPa (600 psi). It passes sequentially through three inline filters (20, 10, and 5 m) to remove particles. The first two filters are pleated cloth that are replaced yearly due to degradation. This procedure maintains the third sintered stainless steel 5 m filter in nearly pristine condition, and it is seldom replaced. Pressure drop across the filters is continually monitored to assess degradation with time.
The tunnel top wall is 15-5 stainless steel, and the three remaining walls are 17-7 stainless steel. The settling chamber, nozzle throat, test section, second adjustable minimum, and subsonic diffuser are water-cooled. Gas is expanded using a 3-D contoured nozzle to generate a nominal Mach number of 10 in the test section. This nozzle design minimizes centerline disturbance characteristic of axisymmetric contoured nozzles, resulting in a highly uniform core flow [21] . The nozzle throat is 2:72 cm 2 , and the test section is 78:7 cm 2 . At low stagnation pressures, the core flow is 25% of the test section or 10 cm about the centerline, increasing to 15 cm as the tunnel wall boundary layer thins with increasing test pressure. Optical access is provided by three uncoated Corning 7980 windows with transmissions greater than 85% at 193 nm. Windows are approximately 17 in. wide and 2.16 in. thick, which form three orthogonal walls of the test section. Top, side, and bottom window lengths are 28, 31, and 44.5 in. long, respectively. Models are positioned on the facility centerline in less than 0.6 s using a hydraulically operated injection system mounted on the rear sidewall.
Facility test times are a maximum of 60 s using one 60-ft-diam and two 40-ft-diam vacuum spheres. A low-pressure preheat of the nozzle walls is performed before each run. Typically, as in this experiment, the facility operates at a stagnation reservoir temperature (T t ) of 1000 K (1350 F) to prevent air liquefaction, over a stagnation pressure (P t ) range from 2.41 to 10.0 MPa (350-1450 psia). Flow properties for the facility are typically determined using the GASPROPS code developed by Hollis [26] . However, for the present purpose, flow conditions were determined assuming an isentropic expansion. Figure 1 presents a virtual diagnostics interface (VIDI) representation [27] showing all details of the 31M10 facility and the optical setup for LRS line measurements. VIDI is a LARC software tool for interactive 3-D display of the facility, test article, data, and CFD prediction. The exploratory nature of the experiment constrained facility setup time to two days and allowed only a single day for testing, dictating the use of an easy-to-transport rapidsetup light source. Based on these constraints combined with an initial expectation of freestream clustering, a low-pulse-energy Lambda Physik OpTexPro excimer laser was selected. The laser was operated in broadband mode on ArF near 193 nm at 30 Hz. The unpolarized output passes through approximately 1 m of air before it enters the facility. It is turned 90 deg with a mirror and focused 0.71 ms downstream from the nozzle exit along a line normal to the flow near the center of the facility using an uncoated 600 mm focal length Suprasil lens. The Rayleigh scattered signal generated along a 36.7 mm line in the freestream is imaged using a gated doubleintensified ITT Corporation model F4577 CCD camera. The detector has 240 vertical (27 m) and 754 horizontal (11:5 m) pixels and 15% quantum efficiency at 193 nm. The imaging system has been described [10] . The resulting RS170 video signal is digitized at 30 frames per second using an EPIX model PIXCI SV5 frame grabber card and stored in a computer. The frame grabber was modified to output a field index pulse at 30 Hz for synchronizing the laser, CCD camera gate, and frame grabber card. The computer can acquire 371 images (64 MB of memory) during a 12.4 s time interval. Six seconds are required to store the data. For this freestream data set, one single series of 371 images was acquired at each stagnation condition.
The excimer laser was operated in high-voltage constant mode. The manufacturer's specified shot-to-shot variation in laser energy is less than 3%. Laser output slowly decreases during each day as fluorine is consumed. To maintain constant energy during calibration and facility runs, laser high voltage is set to produce 5 mJ per pulse, half the maximum output. The typical initial high-voltage setting is 20% of full scale. Output energy is reduced by a factor of 2 due to transmission losses. Half of what remains has the correct polarization. Hence, experiments were performed using 1.25 mJ focused inside the test section. Constant laser energy is maintained by slowly increasing high voltage during the day from typically 20 to 40% of full scale. The laser is equipped with an internal energy monitor that displays the current pulse energy in real time using software. This output was monitored visually as a function of time. During any given data set, energy decrease was less than 5%. Ambient stray light was minimized using a 5 s intensifier gate and by extinguishing the room lights. Laser timing jitter was 100 ns.
In previous 15M6 and HRN M6 Rayleigh experiments, extensive optical baffling was used to reduce laser light scattered from windows and walls. The use of optical baffles in the 31M10 and the 20M6 was prevented by wind-tunnel operational constraints. Accordingly, after averaging over 371 images, scattered laser light in the freestream at each pixel constituted 74% of the total signal (Rayleigh plus scattered light signal) at the lowest stagnation pressure and 16% at the highest pressure.
The calibration procedure for each pixel along the laser line has been described in [9] . Briefly, the facility was evacuated to prescribed pressures over the range of interest, and Rayleigh data were acquired. Calibration pressures were converted to calibration densities using stable wall temperatures obtained from a thermocouple in contact with the sidewall of the facility. LRS signals were obtained by averaging 371 images at each calibration density. A linear plot of the Rayleigh signal as a function of the air density was obtained for each of the 240 pixels along the 36.7 mm imaged line. Using a linear leastsquares fitting routine, the slope and intercept, and their associated uncertainties, were calculated and stored in a file. The flowfield signals were converted to density using this calibration file. This procedure removed the systematic nonuniformities in the lasercamera system. The 31M10 facility was significantly cleaner than all three previous Mach 6 facilities studied. No large particles and few small particles were encountered during the calibration process or during Mach 10 operation. Typically, one small particle or fewer was observed for any given pixel along the imaged line every 371 images. Each particle increased signal by a maximum of 30%. Since particle influence on the average data was negligible, no attempts were made to remove these signatures from the data analysis. Applying the calibration to static facility data yielded results similar to those discussed previously in [9] . Figure 2 line traces are in good agreement with expected freestream density at all stagnation pressures. Based on previous clustered Mach 6 results, signal levels at least 10 times larger were expected due to freestream clustering. Figure 2 shows no evidence of clustering at any test pressure. Unfortunately, because of the exploratory nature of the experiment, they were acquired using low It was expected that the 3-D contoured Mach 10 nozzle would prevent centerline disturbances characteristic of axisymmetric contoured nozzles and produce a highly uniform core flow. In general, this is verified by the freestream density variation. However, Fig. 2 line plots show a consistent density dip near the 1 mm position for all test pressures. Although this is within the spatial calibration uncertainty for the facility centerline, its intensity weakens and broadens slightly with increasing freestream density. This disturbance will be explored with higher laser energy in a future entry, providing an increased signal-to-noise ratio. For reference, the spatial resolution of the LRS apparatus is 0:48 mm (3 pixels) compared with 3.2 mm of typical pitot tube rakes. Figure 3 shows the average measured density using 371 images and standard deviations (spatial rms) of the mean density based on 210 measured average densities along each line in Fig. 2 plotted against their respective densities computed using isentropic expansion. This is the uncertainty in the mean of the data from a single line. The solid line of perfect agreement between theory and experiment is drawn with a slope of one and an intercept of zero. Results show less than 2% disagreement between experimental and isentropic-expansion values at the highest densities and less than 6% at the lower densities. Results show no evidence of clustering over the entire operating stagnation pressure range of the facility at an average stagnation temperature of 990 K.
V. Mach 10 Rayleigh Density Measurement Results

VI. Comparison of Rayleigh Density Measurements with Air-Liquid-Vapor Pressure Curve
The liquid-gas-phase diagram for air is shown in Fig. 4 . As taken from Furukawa and McCoskey [28] , the saturation vapor pressure curve is calculated using ln Ptorr 16:6045 810:767=TK
The line with open squares indicates the location of empirically measured condensation onset measured by Daum [15] . 
VII. Homogeneous Nucleation Theory and Calculations
This section provides a brief tutorial and relevant equations concerning nucleation theory. For homogeneous gas-phase nucleation, cluster formation begins as a collision between two similar molecules. Clusters change size by attachment or loss of a single molecule as follows:
There must be sufficient collisions with the surrounding vapor to remove this energy or no further growth of the cluster will occur. This heat release to the surrounding vapor by collisions is the driving mechanism behind cluster formation. Under supersaturation conditions, the cluster grows to droplet size, and eventually condensation occurs.
The nucleation rate [29] in units of clusters of n molecules=cm 3 s is given by where
1=2 is the rate at which molecules of mass m impinge on unit surface at states p and T, O 36v 2 1=3 n 2=3 is the cluster surface area with v as the molecular volume, C 0 is the gas-phase molecular number density, and G =kT is the critical Gibbs free energy of formation of a critical-size cluster containing n molecules at temperature T. A critical-sizes cluster is one where addition of one molecule will cause it to grow and loss of one will cause it to disappear.
Gn; T at any pressure is calculated using
Relaxation times required to remove the cluster energy and achieve steady state during nucleation in these rapid expansions is given by
The number of relaxation collisions is obtained by multiplying the relaxation time by the freestream collision frequency.
Homogeneous nucleation calculations in both 20M6 and 31M10 are presented in Tables 1 and 2 . The selected 20M6 stagnation conditions produce Rayleigh signals that are conservatively twice the molecular level, indicating the onset of detectable clustering (see Fig. 8 in [10] ). Since these equations predict nucleation increases with increasing density, maximum clustering in 31M10 should be observed at the maximum stagnation pressure of 10 MPa (1450 psi). Calculations are performed for nitrogen since standard Gibbs free energy of formation values of n-meric clusters as a function of temperature (i.e., Gn; T; P o ) are available [30] . No data are available for air or oxygen.
Although 31M10 density is reduced by a factor of 2.2 while temperature is 13.7 K lower than 20M6 conditions, nucleation calculations shown in Tables 1 and 2 predict J 31M10 22J 20M6 . This shows that the exponential temperature term dominates the linear density terms and even small temperature reductions can greatly increase nucleation. Unfortunately, the 31M10 test gas is air, not nitrogen. However, since both facilities share a common air supply, similar cluster compositions, mechanisms, and Gibbs free energies are expected, and these simplistic calculations should be indicative of relative facility trends. Whether the actual clustering mechanism is homogeneous nucleation or the mechanisms described below, the trends predicted by these calculations are assumed to be generally applicable. Therefore, higher nucleation rates are expected in 31M10 versus 15M6.
VIII. Discussion
No published data are available on clustering or condensation onset in the 31M10 facility. The assumption based on air condensation curves and experimental evidence based on pitot tube measurements was that condensation would be observed in the supercooled region at or above 8.6 MPa (1250 psi). Before Fig. 2 results, freestream clustering or condensation was expected in the 31M10 for three reasons. First, clustering was observed in the 20M6 and 15M6 facilities when air vapor pressures were 50-140 times below the computed air liquid-vapor phase diagram pressure curve. Figure 4 shows the 31M10 freestream vapor pressures cross this curve, span the supersaturation region, and overlap the condensation curve. Second, conditions for the observed onset of nucleation in 20M6 were compared with conditions under the maximum Tables 1 and 2 predict 22 times greater rates in 31M10. Third, using Tables 1 and 2 , the detectable-cluster threshold was two times lower in 20M6 than in 31M10, i.e., the ratio of molecular freestream densities. Surprisingly, results in Figs. 2 and 3 showed no clustering over the full range of 31M10 stagnation pressures. The discussion below begins with possible mechanisms that can create clustering and concludes with mechanisms that can prevent or destroy clustering. The nucleation literature provides three possible mechanisms for cluster formation. The first is homogeneous nucleation of a single gas-phase species producing a cluster composed of identical atoms or molecules. This process occurs by spontaneous random cluster formation and requires significant vapor supersaturation [31] . Figure 4 shows supersaturation exists in 31M10. Although clustering was expected, signals are molecular. Figure 4 also shows 20M6 and 15M6 are clustered when vapor pressures are within two orders of magnitude of the saturation vapor pressure. Tables 1 and 2 nitrogen nucleation calculations for 31M10 and 20M6 were too slow for homogeneous cluster formation. In 20M6, this process was discounted for all air constituents except oxygen [9] . In supersonic flow experiments where cluster sizes have been measured, clusters were limited to less than 10 nm, and calculations in pure nitrogen or argon in supersonic flow supported this conclusion [32] . No air data is available. Clusters of typically 15 nm are required to account for 20M6 signals. The conclusion is that clusters in 20M6 and 15M6 are not caused by homogeneous nucleation of a single gas-phase species.
The second mechanism is heterogeneous nucleation in a multicomponent gas mixture [33] . This process starts on a molecular cluster generated from homogeneous nucleation of a single species as described in the first mechanism. The species with the lowest vapor pressure condenses first. Since the current flows contain 8 10 12 molecules=cm 3 of water vapor [9] , ice crystals are a possibility. Gases such as carbon dioxide, oxygen, argon, and nitrogen would follow [13, 16, 17] . Since the cluster is composed of several species, surface energy and the free energy barrier for formation of the cluster are lower. According to [32] , only saturation vapor pressure, and not supersaturation, is required compared with homogeneous nucleation in the first mechanism. The result is increased nucleation rate compared with single species homogeneous nucleation. Calculations in a supersonic expansion predict an order-of-magnitude increase in particle mass and 10-200 nm final particle diameter [32] . Since 15 nm particles are required to account for 20M6 signals, this mechanism is a possibility.
The third mechanism is heterogeneous nucleation on preexisting particles or other solid or liquid substances in a multicomponent gas mixture [33, 34] . These particles could be nanometer-sized particulates such as dust from poor facility hygiene or, specifically, heater oxide dust [13, 14] or molecules, or droplets of compressor oil [19] . None of these can be removed by 5 m filters. To produce the spatially uniform clustering observed in previous Rayleigh images, particles densities near 1 10 6 particles=cm 3 are required [9] . Typical atmospheric air and polluted air have densities of 100 to 1000 particles=cm 3 , respectively. Since particles or aerosols already exist as nucleating agents, no delay time is required to form nucleating sites by spontaneous cluster formation from homogeneous nucleation. Hence, this mechanism can start earlier in the nozzle expansion than the above mechanisms. Clusters formed around particles are usually bigger than the critical radius. Time lags associated with growth to and beyond the critical radius are eliminated. The effective surface energy of the cluster is lower, and this reduces the free energy barrier for formation. In the first two mechanisms, saturation or supersaturation was required. In this mechanism, neither is required. The result is either faster cluster formation under comparable homogeneous nucleation conditions or comparable cluster formation at lower vapor pressures and higher temperatures. Cluster growth is accomplished by addition of gas components in air starting with water vapor and proceeding in the order described in the second mechanism.
All three mechanisms are complex and poorly understood, and data in air are essentially nonexistent. No instrumentation exists to detect in situ cluster composition, cluster distribution, or growth mechanisms. LRS can estimate cluster diameter once the cluster signal exceeds the molecular signal. The third mechanism (i.e., heterogeneous nucleation on preexisting particles in a multicomponent mixture) is consistent with all experimental observations in Fig. 4 . Furthermore, it is consistent with the nucleation calculations in the 20M6 and 31M10 facilities, the literature calculations, and the literature experiments. The third mechanism is believed active in all Mach 6 facilities and 31M10. For the Mach 6 facilities, there are insufficient data to discount the second mechanism. Based on previous clustered results in Mach 6 facilities, clustering by homogeneous nucleation was expected in 31M10. Only the low nucleation rate calculation suggests it may not be active.
Since all facilities share the same air supply, there are few differences to explain the lack of clustering in 31M10. The 20M6 facility has a single 10 m) fiberglass air filter, while the 31M10 has a series of three filters (20, 10, and 5 m). Since a filter of 5 m or greater cannot affect any of the nucleation mechanisms, this difference cannot be responsible for the observed results. Since no large particle interference is observed in the Rayleigh signals in the 31M10, the series of filters provide a much cleaner flow. The 3-D 31M10 contoured nozzle design creates a more gentle expansion compared with the more abrupt fixed-geometry 2-D Mach 6 contoured nozzle. In the latter case, the top and bottom walls are contoured, while the side walls are parallel. On a relative basis, this will inhibit clustering. However, it is unlikely that the 31M10 contoured nozzle design could prevent clustering at lower temperatures, at 100 times higher vapor pressures under supersaturation conditions, and at the condensation onset curve.
The only other differences between the 31M10 and 20M6 facilities are the stagnation and freestream conditions. Since lower freestream temperatures and supersaturation in 31M10 favor clustering, differences in the stagnation conditions are further examined. One consequence of the higher stagnation enthalpy in 31M10 is the production of a significant Boltzmann population of vibrationally excited states of nitrogen and oxygen (Table 2 ). These states have several notable characteristics. First, they contain significant excess energy. Second, due to their chemical nonreactivity and long lifetimes, vibrational Boltzmann populations persist unchanged or frozen through the nozzle expansion and along the full length of the test section [35] . Third, since clustering is a reversible process and Eq. (1) indicates heat addition can destroy a cluster, the vibrationally excited states of nitrogen and oxygen can transfer sufficient energy to the cluster to destroy it during every step of its growth process at all locations from the nozzle throat to the end of the test section. Previous researchers studying condensation in the Arnold Engineering Development Center Tunnel 9 (AEDC T9) nitrogen facility using Mach 10, 14, and 18 nozzles speculated "particle nucleation and growth might be strongly affected by release of this internal energy" [36] . The following paragraph presents evidence that this mechanism is responsible for the lack of clustering in 31M10.
Consider a 100-molecule cluster of air and a stagnation temperature of 990 K for 31M10, Tables 1 and 2 show that three molecules of V 00 1 (first vibrationally excited ground state) nitrogen and two molecules of V 00 1 oxygen statistically become part of the cluster assuming a simplistic single-molecule addition process during its formation. At 990 K, the contribution from V 00 > 1 for nitrogen and oxygen is treated as negligible. The last two lines in Table 1 show that the Gibbs free energy of a nitrogen cluster under freestream conditions is comparable with the summed vibrational energy from these five molecules. This is true at 31M10 conditions but not 20M6 conditions. There is sufficient energy in the absorbed V 00 1 molecules to inhibit and possibly reverse the condensation process by evaporating a large fraction of molecules in the cluster. Since air is 79% nitrogen, clusters in air are assumed to have Gibbs free energies similar to those in nitrogen. Hence, this argument should be applicable to a cluster formed in air independent of its composition or growth mechanism. Tables 1 and 2 show that four collisions with gas-phase molecules are required to remove the excess single-molecule cluster energy during the relaxation time. For a 100 molecule cluster, this means 400 collisions. Additional energy can be transferred from V 00 1 to the cluster during these collisions. No data are available on the effectiveness of this transfer.
The nucleation process for the first two mechanisms exhibits an induction time required to form nuclei of a critical size. For air under 31M10 conditions, neither the length of the induction time nor the number of collisions involved is known. However, additional energy can be transferred to the cluster during this time by collision and absorption of V 00 1 molecules. Since this is the slow step in the nucleation process, energy transfer during this critical time may be the dominant mechanism that prevents cluster growth. If the third clustering mechanism described above were active, this mechanism would not apply. In the absence of any data on energy transfer during the relaxation time and induction time of cluster formation, they are only noted as possibilities for the dominant mechanism of cluster destruction.
The conclusion is that LRS signals in 20M6 can be explained by clusters that are formed by heterogeneous nucleation on preexisting particles, or other solid or liquid substances in a multicomponent gas mixture, and then they begin to grow. There is insufficient vibrational population at 500 K stagnation temperature to prevent their growth. At an 15 nm size radius, LRS signals from cluster densities estimated at 1 10 6 molecules=cm 3 would exceed those from purely molecular sources.
The third nucleation mechanism is believed to start early in the nozzle expansion in 31M10. During the nozzle expansion, the vibrational Boltzmann population of oxygen plus nitrogen will be a constant 5% of the density. At 10.25 MPa (1450 psi) stagnation pressure and 990 K, freestream total V 00 1 is estimated at 1:8 10 16 molecules=cm 3 . Assuming each 100 molecule cluster consumes five V 00 1 molecules, this process prevents clusters in 31M10 from growing to a size, which can dominate molecular LRS signals. At cluster densities of 1 10 6 molecules=cm 3 and nucleation rates where each cluster consumes five V 00 1 molecules, this process would not measurably affect the freestream vibrational Boltzmann population. At high nucleation rates, this process would prevent observable clustering until most V 00 1 are consumed followed by observation of clustered LRS signals, and eventually condensation. Regardless of the nucleation mechanism or cluster composition, they can all be destroyed by the V 00 1 population. Chemically reactive species are also created by the higher 31M10 stagnation enthalpy, such as oxides of nitrogen (NO, NO 2 , and N x O y ) or ozone produced in the heater by thermal equilibration or heterogeneous decomposition of air on hot surfaces of the heater elements. It is unlikely that cluster formation could be prevented by heat release from chemical reaction between clusters and these species. Even if present at parts-per-million levels by thermal equilibrium, collisions between clusters and V 00 1 species should be at least 1000 times greater than between clusters and chemically reactive species. It is unlikely that a few molecules of the fully oxidized forms of these species could enter the cluster and significantly decrease the nucleation rate. However, early in the cluster formation, where water condensation could dominate, the reaction between water and NO 2 could produce one molecule of acid such as HNO 2 or HNO 3 . One interesting, albeit unlikely, speculation is that this could change the pH of a 100-molecule cluster and inhibit clustering.
Several nitrogen data sets in the AEDC T9 facility support the V 00 1 mechanism. Most compelling are those of Marren and Lafferty [37] , who varied stagnation temperatures from 866-1605 K (19-53 K static temperature) while maintaining a constant stagnation pressure of 137.9 MPa (20,000 psi) at Mach 14. Experiments used laser light scattering from a 3 mW HeNe laser to detect condensation, not clustering. Freestream results for two data sets are reproduced in Fig. 5 . The filled circle shows the only condition to exhibit condensation. Compared with 31M10 stagnation conditions of 1450 psi, AEDC T9 was operated at 20,000 psi stagnation pressure. Nucleation theory indicates the increased pressure should favor condensation. Still, as stagnation temperature was decreased from 1605 to 866 K (52-18 K static temperature), condensation-free flow was observed for all but the lowest stagnation temperature.
Freestream results from Lederer et al. [38] in AEDC T9 at Mach 14 and from Dolgushev et al. [39] at Mach 22 also showed condensation-free flow beyond the experimental condensation limit of Daum and Gyarmathy [16] . Griffith et al. [36] in AEDC T9 at Mach 14 studied condensation behind the shock on a sharp cone. Stagnation temperatures spanned 676-1839 K, and stagnation pressures spanned 32.8-142.76 MPa (4763-20,712 psi). Under all conditions presented, condensation was not observed until stagnation temperature dropped below 656 K.
All three AEDC T9 data sets indicate that condensation-free flow is achievable beyond the nitrogen condensation onset curve of Daum and Gyarmathy [16] . One possible explanation is the presence of V 00 1. This region is difficult to map in air and nitrogen since few facilities can generate the required stagnation temperatures and pressures. Previous results suggest the theoretical limit of condensation would be 60% of the spinodal [36] .
Of additional interest is the effect of vibrational levels above V 00 1. With their increased energy, they may be more effective in preventing cluster formation. Tables 1 and 2 indicates their population is negligible at 990 K. Above 990 K, calculations suggest that, as a flow expands through the nozzle throat, temperatures and pressures are sufficiently high such that vibrational equilibration will occur until expansion temperatures reach 1000 K [36] . If true, natural effects of levels V 00 > 1 are probably negligible. Future experiments are recommended to artificially introduce V 00 > 1 and attempt to determine its effects on clustering.
It was noted that both the N 2 and O 2 molecules may experience anharmonic V-V transfer, resulting in vibrational distribution functions that are highly nonequilibrium. While the total number of vibrational quanta will indeed be approximately equal to that corresponding to a frozen vibrational temperature, the distribution could be much different, with molecules in V 00 1 transferred to higher V 00 levels [40] . LRS signals in 15M6 at 700 K stagnation temperature transition from molecular to clustered levels as stagnation pressure increases from 0.345-2.07 MPa (50-300 psi). No nucleation calculations were performed since freestream temperature is 2 3 of the well temperature of the interaction potential and existing theory is likely invalid [30] . Assuming this is the temperature for V 00 1 mechanism onset, its effect at this temperature will be weak. The lack of clustering is attributed more to reduced nucleation rates at 85 K than to the V 00 1 mechanism. If operative, transition from molecular to clustered LRS signals near 2.07 MPa provides an estimate of the rate of V 00 1 mechanism compared with the nucleation rate.
At stagnation temperatures of 700 K, a cluster of 100 molecules would collide with 0.66 V 00 1 N 2 and 0.82 V 00 1 O 2 molecules during its formation. This suggests the V 00 1 mechanism will become active near 700 K. Consider the results in Fig. 4 . Molecular signal levels occur in 31M10 at 990 K; clustered signal levels occur below 700 K in both 20M6 and HRN M6. No clustering occurs in 15M6 near 700 K except at the highest stagnation pressure, but the effect is likely weak. One AEDC T9 data set shows condensationfree results from 676-1839 K and condensation at temperatures below 656 K. A second AEDC T9 data set shows condensation at 866 K and condensation-free results from 1116-1605 K. All data are consistent with V 00 1 mechanism onset of 750 100 K. The implications of the V 00 1 mechanism suggest future 31M10 experiments. Stagnation pressure should be systematically increased at a 1000 K stagnation temperature. The resulting increase in nucleation rates should provide a method for converting trapped vibrational energy into translational energy. This trapped energy has long been of concern to the hypersonic community. Benefits include improved accuracy of freestream parameters predicted by isentropicexpansion calculations, improved flow quality, and reduced complexity in modeling the flow over models. As stagnation pressure is increased, it may be possible to fine-tune the amount of vibrational nonequilibrium. This could be important for CFD calibration and fundamental flow physics studies. It should be possible to find the condition where most or all trapped vibrational energy is removed and clusters are prevented from growing to sufficient size to affect molecular Rayleigh scattering signals. Perhaps an increased facility operational envelope will emerge with improved flow quality and where Rayleigh scattering can be applied for quantitative density measurements. Further increases in stagnation pressure should provide a means of detecting the degree of supersaturation that can be achieved before condensation onset. There is insufficient energy in the nonequilibrium population compared with condensation energy to prevent condensation. However, it is possible that the V 00 1 mechanism can delay condensation onset by energy transfer due to V 00 1 absorption, collisional energy transfer during the cluster relaxation time, or by slowing the kinetics of the process by preventing formation of the critical cluster. Regrettably, these experiments require conditions that exceed the design limitations of the 31M10 facility.
Operationally, the maximum T t in the 31M10 is 1061 K (1450 F), a constraint dictated by facility design limitations. Procedurally, the facility typically operates at T t 1005 K (1350 F), a constraint dictated by the desire to avoid condensation that is implemented in the flow calibration envelope. A desired experiment, then, is to combine LRS (density and clustering onset) with pitot pressure rake (pressure and condensation onset) measurements at offnominal stagnation temperatures from 600 to 1000 K in 50 K increments. Testing with the pitot pressure rake will allow examination of potential measurement differences as shown by the rake-cone differences in [36] . By varying stagnation pressure at each temperature, a larger operational envelope may emerge. Decreasing the T t should result in reduced facility cost through energy reduction and heater stress. More important, decreasing the T t also increases the accessible Mach-Reynolds numbers with good flow quality that is free from clusters and condensation. It may also provide air data to support condensation-free facility operation similar to AEDC T9 nitrogen test conditions beyond the condensation onset curves of Daum and Gyarmathy [16] .
IX. Conclusions
In an exploratory experiment, the first quantitative cluster-free LRS measurements of freestream density have been demonstrated along a 36.7 mm line in a full-scale Mach 10 air wind-tunnel establishing technique viability. Experimental densities agree with isentropic-expansion calculations over the entire stagnation pressure range at 990 K. This is in contrast to 20 years of results in nearly all supersonic and hypersonic air flows where clustered signals typically overwhelm molecular signals. Quantitative density measurements have been demonstrated under supersaturation flow conditions using LRS. Lack of clustering and condensation is explained by a frozen vibrational nonequilibrium Boltzmann population of N 2 and O 2 molecules. They are created in the stagnation chamber and persist along the nozzle expansion and the full length of the test section. By combining nucleation and vibrational Boltzmann distribution calculations with previous Mach 6 clustered results, current clusterfree Mach 10 results, and previous nitrogen AEDC T9 results, the first evidence has been provided to confirm two-decades-old literature speculation [36] that vibrational energy transfer from the nonequilibrium Boltzmann population to a cluster can reduce or prevent cluster formation and growth. Data from five facilities are consistent with V 00 1 mechanism onset of 750 100 K in both air and N 2 .
The large-scale wind-tunnel application database for quantitative LRS now includes a subsonic-transonic cryogenic high-pressure nitrogen facility, a Mach 22 helium facility, a Mach 6 air facility with T 0 700 K, and a Mach 10 air facility with T 0 990 K. When the V 00 1 mechanism is active, LRS can be used for quantitative density measurements at densities that are well below the liquidvapor saturation curve, span the supersaturated region, and intersect the condensation onset region. For both the 20M6 and 15M6 air facilities with T 1 spanning 58-85 K when no V 00 1 mechanism is present, results indicate molecular scattering will be observed when freestream pressures are two orders of magnitude below the liquidvapor curve. These results provide guidance when considering LRS as a quantitative diagnostic for hypersonic wind tunnels.
Since their inception in the 1940s, progress in constructing increasingly higher Mach number hypersonic wind tunnels has been hampered by clustering and condensation. By removing water, adding filters to decrease particulates, using nitrogen to avoid the condensable components in air and, finally, materials to withstand the high stagnation reservoir temperatures, Mach numbers of 18-22 have been attained. Results in air in this study and nitrogen in previous AEDC T9 studies indicate the energy frozen in vibrational populations can improve flow quality, prevent clustering, and delay condensation onset beyond the well-known curves of Daum and Gyarmathy [16] . This mechanism could significantly impact the design and use of hypersonic facilities by making it possible to operate beyond the supersaturated/supercooled region to enlarge the Mach-Reynolds number test envelope. If some economical nonthermal method could be found to produce significant vibrational populations in the stagnation chamber, hypersonic facilities could be operated cluster free and possibly condensation free at lower stagnation temperatures. It was suggested that this can be accomplished using non-self-sustained discharges [41] . A discharge will change the state of matter from a gas to a plasma. In air, this will produce minor species such as O 3 , NO, and NO 2 in the stagnation chamber along with N 2 O 4 by recombination of NO 2 during the expansion process. It would be interesting to study whether the increase in vibrational population overcomes the enhanced clustering these species are likely to create. In pure nitrogen, assuming complete plasma recombination to a gas before the test section, this may be a useful approach. In a general sense, these statements are true for any long-lived chemically nonreactive energetic substance. The authors suggest another possibility is the introduction of high-electronic-energy long-lived metastable species, such as krypton (4p Argon-fluoride excimer-laser production of metastable krypton has been discussed [42] . Future research to explore all these possibilities is anticipated.
To further support the conclusions of this and future studies, new instrumentation is vital. It should be capable of at least measuring the freestream vibrational nonequilibrium Boltzmann population and, if possible, in situ measurements of cluster composition, cluster size distributions, kinetics, and growth mechanisms. After 70 years of study, this would provide at least some hope of eventually understanding the subtleties of clustering and condensation in hypersonic and hypervelocity facilities.
